Immunoparalysis and nosocomial infection in children with multiple organ dysfunction syndrome
Abstract Purpose: Immunoparalysis defined by prolonged monocyte human leukocyte antigen DR depression is associated with adverse outcomes in adult severe sepsis and can be reversed with granulocyte macrophage colony-stimulating factor (GM-CSF). We hypothesized that immunoparalysis defined by wholeblood ex vivo lipopolysaccharideinduced tumor necrosis factor-alpha (TNFa) response \200 pg/mL beyond day 3 of multiple organ dysfunction syndrome (MODS) is similarly associated with nosocomial infection in children and can be reversed with GM-CSF. Methods: In study period 1, we performed a multicenter cohort trial of transplant and nontransplant multiple organ dysfunction syndrome (MODS) patients (C2 organ failure). In study period 2, we performed an open-label randomized trial of GM-CSF therapy for nonneutropenic, nontransplant, severe MODS patients (C3 organ failure) with TNFa response \160 pg/mL. Results: Immunoparalysis was observed in 34% of MODS patients (n = 70) and was associated with increased nosocomial infection (relative risk [RR] 3.3, 95% confidence interval [1.8-6 .0] p \ 0.05) and mortality (RR 5.8 [2.1-16] p \ 0.05). TNFa response \200 pg/mL throughout 7 days after positive culture was associated with persistent nosocomial infection, whereas recovery above 200 pg/mL was associated with resolution of infection (p \ 0.05). In study period 2, GM-CSF therapy facilitated rapid recovery of TNFa response to [200 pg/mL by 7 days (p \ 0.05) and prevented nosocomial infection (no infections in seven patients versus eight infections in seven patients) (p \ 0.05). Conclusions: Similar to in adults, immunoparalysis is a potentially reversible risk factor for development of nosocomial infection in pediatric MODS. Whole-blood ex vivo TNFa response is a promising biomarker for monitoring this condition.
Introduction
Critically ill children with a 2-week stay in the pediatric intensive care unit (PICU) have 50% risk for developing nosocomial sepsis [1] . While rates of nosocomial infection can be reduced through use of Centers for Disease Control and Prevention (CDC)-recommended preventive measures including strict hand-washing, aseptic techniques, and ventilator-associated pneumonia prevention bundles, this risk cannot be completely eliminated. Literature from the oncology, transplantation, and human immunodeficiency virus fields has shown that children with impaired immune function are at higher risk for development of nosocomial infection. Lymphopenia, neutropenia, and use of exogenous immunosuppression are associated with development of infectious complications in critically ill children [2] [3] [4] .
The monocyte is an important innate immune cell in the initiation and regulation of the inflammatory response. Reduced expression of the monocyte cell surface molecule human leukocyte antigen (HLA)-DR, important for antigen presentation, is associated with adverse outcomes in adults, including development of nosocomial infection and death in sepsis [5, 6] , trauma [7] , transplantation [8] , and pancreatitis [9] . Quantification of the capacity of whole blood to produce the proinflammatory cytokine tumor necrosis factor (TNF)-a after ex vivo stimulation with lipopolysaccharide (LPS) has been used as a second biomarker of monocyte function in critical illness, because LPS stimulation of the Toll-like receptor (TLR)-4 complex on monocytes should induce rapid TNFa transcription, translation, and release. Reduced capacity to produce TNFa after ex vivo stimulation with LPS is associated with adverse outcomes following adult sepsis [10] and trauma [11] as well as pediatric cardiopulmonary bypass [12] .
The term ''immunoparalysis'' describes a clinical syndrome in which depressed monocyte biomarker levels are associated with adverse outcomes and increased nosocomial infection risk. Volk and colleagues have defined immunoparalysis in adults as prolonged monocyte HLA-DR expression below 30%, or reduction in wholeblood ex vivo LPS-induced TNFa response to \200 pg/ mL for more than 5 days [10, 13] . They found that rapid tapering of immune-suppressant therapy in septic transplant patients with immunoparalysis increased HLA-DR expression to [30% and reduced mortality without causing organ rejection [8] . Most recently they reported that treatment of adults with severe sepsis with low-dose GM-CSF in a randomized trial resulted in reversal of immunoparalysis and attainment of beneficial clinical outcomes [14] . Interferon (IFN)c or granulocyte macrophage colony-stimulating factor (GM-CSF) have been shown, in other small adult sepsis studies, both to increase monocyte HLA-DR expression and whole-blood ex vivo LPS responsiveness [10, [14] [15] [16] [17] [18] and to reduce infection.
In our present pediatric study, we tested the related hypotheses that immunoparalysis defined by whole-blood ex vivo LPS-stimulated TNFa response \200 pg/mL beyond day 3 commonly occurs in children with MODS and is associated with increased risk for developing secondary infection. We further tested the hypothesis that GM-CSF treatment can facilitate reversal of immunoparalysis and reduction of nosocomial infection.
Materials and methods
Patients-Institutional Review Board approval was obtained for this study at Children's Hospital of Pittsburgh (Pittsburgh, PA) and Nationwide Children's Hospital (Columbus, OH). Parental informed consent and patient assent, when appropriate, were obtained before enrollment.
Study 1
Patients were eligible for enrollment in the observational study if they fulfilled the following criteria: admission to the pediatric intensive care unit, dysfunction of two or more organs, and presence of an indwelling vascular catheter. Patients were excluded if aggressive therapy was not sought. Organ dysfunction was measured according to the Organ Failure Index (OFI, range 1-6) [19] . Blood samples were collected on days 3, 7, and 14 and weekly thereafter following the development of multiple organ dysfunction. The first 27 subjects in the cohort study underwent measurement of both monocyte HLA-DR expression and whole-blood ex vivo LPS-induced TNFa response. The remaining subjects underwent measurement of only TNFa response. Peripheral blood was obtained in Vacutainer tubes (BD Vacutainer, Franklin Lakes, NJ). Healthy control patients were recruited from the outpatient phlebotomy area and were sampled once. Children with fever within the past 24 h, or history of a chronic inflammatory disease, or those receiving antibiotics, or those with history of malignancy or transplantation were ineligible to serve as controls.
Study 2
Nonneutropenic, nontransplant patients with dysfunction of C3 organs and with ex vivo LPS-induced TNFa response \160 pg/mL on day 3 of MODS were eligible for enrollment in the prospective, randomized, open-label GM-CSF study. These criteria were picked because patients with these characteristics in study 1 showed 100% risk of developing nosocomial infection. Patients were excluded if aggressive therapy was not sought. Parents were asked for consent to have their children tested for immunoparalysis. In case the child had TNFa response \160 pg/mL at 48 h they were then asked to consent to randomization to GM-CSF or standard therapy. Patients were randomized to GM-CSF 125 lg/m 2 per day infused intravenously over a minimum of 12 h for 7 days, or to standard care. Randomization in blocks of four was blinded in the pharmacy. A white blood count threshold of [30,000 cells/mm 3 was set as a criterion for early stoppage of GM-CSF treatment.
Whole-blood ex vivo LPS-stimulated TNFa response
Within 1 h of collection, 50 ll heparinized whole blood was mixed with 500 ll stimulation solution containing phenol-extracted LPS from Salmonella abortus equi (500 pg/mL) and incubated at 37°C for 4 h using a commercial ex vivo stimulation kit (Milenia Biotec, Bad Neuheim, Germany). After centrifugation for 5 min at 1,000 9 g, the supernatant was stored at -80°C for subsequent TNFa measurement by chemiluminescence using the Immulite automated chemiluminometer (Diagnostic Products Corp., Los Angeles, CA; Siemens Medical Solutions Diagnostics, Deerfield, IL).
Monocyte HLA-DR expression
Whole blood, collected in ethylenediamine tetraacetic acid (EDTA) tubes, was stained with phycoerythrin (PE)-labeled anti-HLA-DR and fluorescein isothiocyanate (FITC)-labeled anti-CD14 antibodies (Becton-Dickinson, San Jose, CA) and prepared using the whole-blood lysis technique. After fixation with 2% paraformaldehyde, the percentage of HLA-DR? cells among the CD14? cell population was determined by flow cytometry.
Plasma interleukin (IL)-6 measurement
Within 1 h of collection, the supernatant from a centrifuged, fresh heparinized whole-blood specimen was collected and stored at -80°C for subsequent measurement by chemiluminescence using the Immulite automated chemiluminometer (Diagnostic Products Corp., Los Angeles, CA; Siemens Medical Solutions Diagnostics, Deerfield, IL).
Definitions
Immunoparalysis was defined by whole-blood ex vivo LPS-stimulated TNFa response \200 pg/mL after 3 days of multiple organ dysfunction or at death. Nosocomial infection was defined by CDC criteria as a new bacterial (Staphylococcus epidermidis excluded) or fungal infection after 48 h in a patient with fever, hypotension or oliguria. Mortality was defined as death during PICU stay. Resolved nosocomial infection was defined as absence of subsequent positive cultures during the next 7 days after an initial positive culture. Persistent nosocomial infection was defined as persistently positive cultures on more than 1 day during the next 7 days or proven infection at autopsy. Differences between groups over time were analyzed on log-transformed data using two-factor analysis of variance (ANOVA) or repeated-measures (RM) ANOVA. Fisher's exact test was used to evaluate categorical variables between groups (as above). p-Value \ 0.05 was considered to represent statistical significance.
Results

Study 1
Seventy patients were enrolled in the observational study with median age of 5 (1-15) years. Diagnoses included primary sepsis (n = 30), posttransplant organ dysfunction (n = 8), pneumonia (n = 16), liver failure (n = 6), and heart failure (n = 5). The number of organ failures ranged from 2 to 5 at time of enrollment (OFI = 2, n = 30; OFI = 3, n = 27; OFI = 4, n = 10; OFI = 5, n = 3). Mean PRISM III score at onset of MODS was 13 ± 0.7. Overall mortality was 23% (16/70). Eight control subjects were also enrolled (median age 9.8 [8] [9] [10] [11] [12] years). Median ex vivo LPS-induced TNFa response was 1,386 (900-2,172) pg/mL, and plasma IL-6 levels were\10 pg/ mL in the control subjects.
Ex vivo LPS-induced TNFa response \200 pg/mL on day 7 of MODS was associated with development of nosocomial infection (p = 0.01; Fig. 1, top) and death (p = 0.0007; Fig. 1, bottom) . These relationships were similar to those seen with HLA-DR expression, using the previously reported cutoff of 30% (p = 0.0002 for nosocomial infection, p = 0.01 for death). We did not find these relationships with either biomarker at the earlier time points (1 or 3 days) . Given the highly standardized nature of the ex vivo LPS-induced TNFa response procedure in our laboratories, we elected to use this method for the remainder of this multicenter study.
Twenty-four out of the 70 multiple organ dysfunction patients (34%) developed immunoparalysis. These patients had increased relative risks for development of nosocomial infection and death (Tables 1, 2) . Overall, 27 patients (39%) developed nosocomial infection (Table 2) . Patients who developed persistent nosocomial infection all had immunoparalysis for 1 week or longer, with increased systemic IL-6 levels compared with patients in whom nosocomial infection resolved more rapidly. Patients in whom nosocomial infection resolved before 7 days did not have immunoparalysis and had both higher LPS-stimulated TNFa response and lower systemic IL-6 levels (p \ 0.0001 and 0.01, respectively, by twofactor analysis of variance). Patients with immunoparalysis throughout the first 7 days after their first positive culture had 5.8-fold higher relative risk (95% CI 1.6-21, p = 0.002) of having persistent nosocomial infection compared with patients whose TNFa response improved over time.
Nine transplant recipients developed immunoparalysis and nosocomial infection. In children who underwent rapid tapering (n = 3), the TNFa response tended to increase within 7 days compared with children who did not undergo tapering (n = 6) (ex vivo LPS-induced TNFa response: 199 [184-938] versus 38 pg/mL; p = 0.077, twoway ANOVA). This was not associated with an increase in plasma IL-6 levels (5 versus 87 pg/mL; p = 0.16, two-way ANOVA). All patients who underwent tapering had infection resolution within 1 week and survived. Among the six patients who did not undergo tapering, only one had infection resolution and survived (3/3 versus 1/6, p \ 0.05).
Study 2
Seventeen patients were enrolled. Three patients had ex vivo LPS-induced TNFa response [160 pg/mL. According to study design, these patients were not randomized. All three survived without any episodes of nosocomial infection. The remaining 14 were randomized to the GM-CSF or standard therapy arms (Fig. 2) . None . Children randomized to the standard therapy arm required more than 7 days in the PICU to reverse immunoparalysis. Similar to in study 1, all seven of these standard care patients developed nosocomial infection, with one child developing two separate nosocomial infections at two separate times. Two of these seven patients died. In contrast, the seven children randomized to GM-CSF therapy showed reversed immunoparalysis in \7 days and experienced no nosocomial infections (p \ 0.05) or deaths. Treatment with GM-CSF did not increase systemic IL-6 levels. No GM-CSF-related adverse events were observed.
Discussion
The results of our study show that, similar to the adult experience, children with MODS commonly develop immunoparalysis with increased susceptibility to nosocomial infection and death. Persistence of nosocomial infection was observed in children with persistent immunoparalysis. Although nosocomial infections were also observed in children without immunoparalysis, they occurred at a lesser rate and resolved more rapidly. Our observation that GM-CSF therapy facilitated reversal of immunoparalysis and prevented secondary infection in children with severe MODS supports the possibility that reversal of immunoparalysis in critically ill children can be both clinically attainable and important. This finding is consistent with the recent randomized adult sepsis trial of GM-CSF in which this therapy both reversed immunoparalysis and reduced morbidity end points [14] .
Over the last 10 years, the literature has suggested that restoration of capacity to mount an innate immune response is associated with recovery from critical illness in adults. While transient downregulation of the proinflammatory response is common after an insult such as sepsis or trauma in adults, this compensatory antiinflammatory response syndrome (CARS) promptly gives way to immunologic homeostasis [21] in patients who recover. In a subset of patients, however, a state of antiinflammatory dominance persists, known as ''immunoparalysis'' [5] . This phenotype has been defined by prolonged depression of the biomarkers monocyte HLA-DR expression and ex vivo LPS responsiveness, with subsequent increased risk of development of nosocomial infection and death in the settings of sepsis, trauma, major surgery, and pancreatitis [7, 9, 11, 12, [22] [23] [24] [25] . Similarly, we found that children with immunoparalysis and MODS had increased risks of nosocomial infection and mortality. An important question which remains to be answered is whether maneuvers that restore biomarker levels above these critical thresholds can reverse immunoparalysis and reduce the risks of developing secondary infection and death. For transplant patients receiving exogenous immunosuppression, rapid tapering of immunosuppression in the setting of sepsis-induced immunoparalysis has been associated with patient survival with improved HLA-DR expression and preservation of graft function [8] . In our observational cohort of transplant patients, rapid tapering was associated with fewer secondary infections and deaths. In the nontransplant setting, monocyte suppression has been shown to be reversible in vitro using agents such as IFNc, GM-CSF, and neutralizing antibodies against the antiinflammatory cytokine IL-10 [26] [27] [28] [29] [30] . In particular, GM-CSF is capable of upregulating monocyte responsiveness of existing monocytes rather than only encouraging increased bone marrow production of new monocytes. Recombinant immune-stimulating cytokines including IFNc and GM-CSF have been administered to critically ill adults, with promising results [10, 14, 17, 18] .
We elected to use GM-CSF for the randomized, controlled trial portion of our study, because GM-CSF is Food and Drug Administration (FDA) approved and commonly used in children. Similar to other immunomodulation studies of GM-CSF [14, 17, 18, 31] , we used a dosage (125 lg/m 2 /day) that is substantially lower than the 250 lg/m 2 /day dosage used by oncologists for bone marrow reconstitution. As an added safety measure, we administered the drug as prolonged IV infusion (over at least 12 h) to avoid the capillary leak and edema that have been reported with rapid IV infusion [32] . We also enriched our study population by using inclusion criteria associated with 100% nosocomial infection risk in study 1, namely C3 organs failing and ex vivo TNFa response \160 pg/ml at 3 days. In this selected population, GM-CSF therapy more rapidly increased the TNFa response above the critical threshold of 200 pg/mL and prevented development of nosocomial infection. Restoration of TNFa response was not associated with an increase in plasma levels of IL-6, a marker of increased inflammation and death in sepsis [19, 33] . Because IL-6 can be produced by nonimmune tissues including vascular endothelium, it is possible that restoration of monocyte function which parallels reduction in infection can reduce overall systemic inflammation [34, 35] . More work is required to explore this possibility.
There are limitations to consider when evaluating our study. Because MODS patients represent a heterogeneous patient population, the underlying mechanisms contributing to immunoparalysis are likely to be varied within this group and in centers with different categories of patients. Despite the fact that this study is the largest of its kind, continued efforts to increase the sample size in this field of study are needed to further test our observations. We also performed this study using the ex vivo TNFa biomarker not the HLA-DR biomarker. In our view, the ex vivo LPS-induced TNFa response assay has certain advantages over quantification of monocyte HLA-DR expression using flow cytometry. The LPS stimulation procedure can be done using highly standardized procedures, and TNFa can be quantified on a highly automated platform with very low interassay variance, as was done in this study. Flow cytometry results can depend on cytometer settings, lot-to-lot variability in fluorochromes, and, of course, cytometer availability. We also did not present the TNFa response per monocyte. Some patients with low ex vivo TNFa response had low monocyte count, while others did not. The per-monocyte measure conferred no advantage in identifying nosocomial infection risk over the whole-blood measure. We recognize Children with ex vivo LPS-induced TNFa production \160 pg/mL on day 3 of MODS were randomized to receive GM-CSF or standard therapy. Top Children receiving GM-CSF (open circles, n = 7) demonstrated more rapid recovery of ex vivo LPSinduced TNFa production [200 pg/mL compared with children receiving standard therapy alone (filled squares, n = 7) (p = 0.001; two-way RM-ANOVA). Bottom The seven patients who received standard care all developed nosocomial infections, with one patient developing two, for a total of eight nosocomial infections (three Gram negative, five fungal). At day 7 and 14, six patients had active infections, and at day 2, three patients had active infections. No nosocomial infections were observed in the GM-CSF-treated group (p \ 0.05) that either technique may not be suitable in all centers and will entail a certain cost. The generalized feasibility and utility of immune monitoring remain to be evaluated.
Conclusions
Our study supports immunoparalysis as a potentially reversible risk factor for development of nosocomial infection in children with MODS. Further studies are warranted to evaluate the benefit of using ex vivo wholeblood TNFa response as a biomarker to guide immune phenotype-directed therapies for prevention and reversal of nosocomial infections in pediatric MODS patients.
